The effects of compost addition and simulated solarisation of soil on the survival of Ralstonia solanacearum biovar 2 strain 1609, as well as on the structure of indigenous soil bacterial communities, were analysed. In addition, effects on the invasion of susceptible test plants by strain 1609 were assessed. In untreated soil in microcosms and the field, strain 1609 showed slow progressive declines, from 10 6^1 0 7 to roughly 10 4^1 0 5 CFU per g dry soil in around 60 days. When these soils were used in suppressiveness tests, a majority of plants developed symptoms of wilting and revealed the presence of the pathogen in their lower stem parts, as evidenced by immunofluorescence colony staining (IFC) and polymerase chain reaction (PCR). Solarisation of unamended soil did not drastically affect R. solanacearum survival or plant invasiveness. However, the addition of household compost resulted in enhanced R. solanacearum population decline rates, as well as reduced numbers of diseased plants in suppressiveness tests. Combined solarisation and compost addition yielded differential results between microcosms and the field. Some healthy-looking plants, primarily from soils treated with compost, revealed the latent presence of strain 1609 in the lower stem parts. The eubacterial and L-subgroup proteobacterial communities in the differentially treated soil microcosms were rather stable, as evidenced by analysis of PCR-denaturing gradient gel electrophoresis (DGGE) generated molecular profiles. However, compost amendment clearly induced changes in these communities, which were detectable until the end of the experiment; two major bands, affiliated with Variovorax paradoxus and Aquaspirillum psychrophylum, were associated with the compost amendment. The decrease in abundance of R. solanacearum in the compost-amended soils was confirmed by the DGGE profiles.
Introduction
Ralstonia solanacearum biovar 2, the causative agent of wilting disease in potato as well as in other crop plants, can cause devastating problems in agriculture, resulting in major losses to farmers [1^4] . The original habitat of this organism is probably the tropics, but its increasing occurrence in geographical regions with a prevailing temperate climate has resulted in speculations about its adaptation to these conditions, and its establishment [2,5^7] . If R. solanacearum biovar 2 gets established in these major potato growing areas, this may cause severe problems for an undisturbed supply of this important foodstu¡. It is therefore of utmost importance to understand the ecology of this organism and the factors that a¡ect its survival and establishment [5,8^11] . A better understanding of these factors would allow to design low-impact soil management strategies that establish conditions in the soil that are antagonistic to R. solanacearum and therefore limit its survival. Such agronomical measures can range from additions of sources of organic matter such as compost or manure [121 6] , to solarisation [17^19] or liming. Additions of, for instance, compost, combined or not with solarisation, have been shown to enhance the suppressiveness of soil towards a range of, mainly fungal, plant pathogens [12, 13, 16] . However, antagonism from compost against soil-borne pathogens, e.g. Rhizoctonia solani, was recently shown to be dependent on the degree of compost maturation [20] . Suppressiveness^de¢ned as the capacity of soils to restrict the survival and activity of plant pathogens [21] might be enhanced due to an increased abundance and activity of antagonistic microbial populations induced by these measures. In addition, abiotic factors such as soil texture, organic matter content and pH [22, 23] are often determinative for the degree of suppression of fungal pathogens in soil [13, 23] .
In this study, we mimicked feasible agronomical measures such as the addition of compost to soil, either or not in combination with soil solarisation, in ¢eld microplots as well as microcosms to which R. solanacearum had been added. The fate of R. solanacearum was monitored using a combination of cultivation-based (immuno£uorescence colony staining (IFC) method; [24, 25] ) and cultivation-independent (speci¢c polymerase chain reaction (PCR) ampli¢cation from microbial community DNA) techniques [7, 26] . In addition, the e¡ects of the measures on the composition of the total bacterial, as well as the L-proteobacterial populations^selected as a target community since key soil and rhizosphere bacteria make part of it^were assessed in the microcosm study by denaturing gradient gel electrophoresis (DGGE) of 16S rDNA fragments ampli¢ed from microbial community DNA [27^31].
Materials and methods

Bacterial strain
R. solanacearum biovar 2 (race 3) strain 1609 was used throughout the experiments. This strain was isolated in 1995 from Solanum tuberosum cv Bartina by the Dutch plant protection agency. It was regularly tested for its aggressiveness on tomato, consistently causing wilt in the tomato plants used, in up to 2 weeks. For long-term storage, strain 1609 was kept in 20% glycerol at 380 ‡C.
Strain 1609 was grown in 0.1UTSB (10% strength tryptic soy broth, BBL) supplemented with 0.1% sucrose, for 2 days at 28 ‡C.
Soil and soil microcosms
The soil used in this study, denoted ILS, was collected from a non-infested area adjacent to an agricultural ¢eld near Hellendoorn, The Netherlands, in which an outbreak of potato wilt has been recorded in 1997. This non-infested area was also used as the test area for the ¢eld experimentation. The soil was a loamy sand with 4.8% of organic carbon and a low pH (pH-KCl 5.2). Soil was manually treated to remove root parts and stones, and then used as under experimental setup.
Soil microcosms consisted of triplicate polyvinyl chloride (PVC) rings of 19.2 cm diameter and 5 cm height which were ¢lled with soil (250 g, bulk density 1.5 on wet weight basis).
Experimental setup
The experiments were performed both in soil microcosms and in microplots located in the ¢eld test area. At the beginning of the microcosm experiments, fresh ILS soil at ¢eld capacity (moisture content about 15%) was divided into two portions, one of which was mixed with 5% (w/w) commercially available mature household compost (Cocopeat, N total 9%, organic matter content 65%; pH 5.8^6.3) in a plastic bag, whereas the other one was equally homogenized. Both portions were then inoculated with R. solanacearum strain 1609 at a level of log 7.3 CFU g 31 of dry soil, by pipetting followed by intensive mixing. A small portion of soil was kept uninoculated for controls. The inoculated soils were used to ¢ll the microcosm rings described in the foregoing. After ¢lling of the rings, half of these (both with and without compost) were (air-tight) covered with a 70 Wm thick polyethylene ¢lm ('plastic', for simulated solarization), whereas the other half were covered with aluminum foil. This schedule gave the following four treatments, in triplicate per treatment: (i) untreated (3), (ii) plastic-covered for solarisation (s), (iii) compost addition (c), and (iv) compost addition and plastic-covered for solarisation (cs). All microcosms were incubated at 20 ‡C in a plant growth cabinet, with light source (Power star HPLC Osram 400, 6 lux m 32 ; 16 h light and 8 h darkness) at relative air humidity of 75%. Soil in rings treated by solarisation daily reached a maximal temperature of 27.2 ‡C (7.2 ‡C above incubation temperature) during light input.
The ¢eld experiment was executed in a similar scheme in triplicate, using the same four treatments. Brie£y, triplicate 0.75U0.75 m microplots per treatment were laid out in a completely randomised block design in the ¢eld, and the top (15 cm) soil was removed. Per microplot, the top soil layer was transferred to a commercial cement mixer on site; half of all the soil portions removed this way received household compost. Per microplot, the soil was then inoculated with log 7 CFU of R. solanacearum strain 1609 per g. After mixing, the soil from each microplot was returned to that microplot. For solarisation, half of the microplots were covered with plastic.
Sampling and sample processing
Sampling was performed 0, 4 (¢eld), 7, 14 (¢eld) or 15 (microcosm), 30 or 33, and 62 or 54 days after inoculation with R. solanacearum strain 1609. At each time point, all three replicate microcosms or microplots per treatment were non-destructively sampled. For microcosms, a sterile cork borer was used to randomly remove three subsamples per ring, ensuring that the full 5-cm depth of the soil microcosm was sampled. Holes made were ¢lled using ¢t-ting sterilised rubber stoppers. The residual soil in the rings was kept undisturbed. The subsamples obtained (10 g each) were mixed and homogenized, giving 30-g composite samples for each ring. For each microcosm, roughly 1/3 of the total soil volume was thus sampled during the experiment, not a¡ecting the abiotic conditions in the remaining soil.
Eight about 15-g subsamples were obtained from the toplayer (15 cm) of each of the ¢eld microplots using a sterile auger, and composited into one mixed sample per microplot.
All soil samples were immediately processed for assessment of R. solanacearum strain 1609-speci¢c CFU counts by immuno£uorescence colony staining (IFC). Two g of the soil was frozen (380 ‡C) until further processing for PCR-based assessment of R. solanacearum strain 1609 and bacterial diversity. The diversity of total bacteria as well as of L-speci¢c proteobacteria was speci¢cally analysed in the microcosm study.
Immuno£uorescence colony staining (IFC)
Detection of strain 1609 was based on IFC detection, as described [7, 25] . Brie£y, aliquots of 50^100 Wl of the soil suspensions (in 0.1% sodium pyrophosphate) were placed in 24-well microtiter plates. Molten 10-fold diluted tryptic soy broth agar (0.1UTSBA) supplemented with 0.1% sucrose, 5 Wg ml 31 crystal violet and 100 Wg ml 31 cycloheximide was then added to each well and the plate was left to solidify. Plates were incubated for 3 days at 27 ‡C. Following incubation, the plates were washed with 0.001 M phosphate-bu¡ered saline plus 0.1% Tween-20 (PBST) for 3^4 h (three changes of bu¡er), stained with a 1:50 dilution of the FITC-conjugated polyclonal anti-R. solanacearum strain 1609 antiserum (AS9527; 25) (overnight), and washed for 3 h with PBST (three to four wash £uid changes). Colonies, appearing as characteristic dark-green disc shapes, were detected using a Zeiss or Wield microscope with incident ultraviolet (UV) light at low (25U) magni¢cation.
2.6. Assessment of suppressiveness of treated soil to R. solanacearum
At the end of the 54-to 62-day periods, soils from both microcosms and ¢eld microplots (treated and control soils) were inoculated with freshly-grown R. solanacearum strain 1609 cells to 10 8 CFU g 31 of dry soil and planted with seedlings of tomato cv 'Moneymaker' (giving a total of six plants per treatment). In addition, plants were also grown in uninoculated fresh soil to control for healthy plant development. The pots were incubated for minimally 2 weeks in a day/night regime (16 h light 326 ‡C/8 h dark 321 ‡C) and disease symptoms were scored. The presence of R. solanacearum cells in plant stem parts was determined by IFC as well as PCR of stem parts as described below and in van Overbeek et al. [32] . Plants were thus divided in classes 1 (healthy, pathogen not present), 2 (healthy, pathogen present at levels 10 2 to 10 4 per g stem tissue) and 3 (symptoms of bacterial wilt). A disease index was then determined per replicate of each treatment, as described under statistics.
Soil DNA extraction
A direct soil DNA extraction protocol [33, 34] involving a harsh bead beating cell lysis method was used on 1-g soil samples obtained from all treatments. The method included phenol and phenol-chloroform extractions, CsCl precipitations, and ¢nal puri¢cations using Wizard (Promega) DNA spin column clean-up. The ¢nal DNA extracts were checked for yield, molecular size and purity of the DNA by using electrophoretic separation in 0.8% agarose gels [35] . The extracts obtained were of su⁄cient purity to run PCR ampli¢cations for speci¢c detection of R. solanacearum, as well as, in a nested approach, for assessments of the total eubacterial and L-proteobacterial community structures by DGGE. Table 1a Primers used in this study
a F, forward primer; R, reverse primer; GC (gc), G+C-rich sequence (clamp) attached at 5P end. b Positions according to E. coli 16S rRNA sequence.
PCR for detection of R. solanacearum, eubacterial and L-proteobacterial communities
For detection of R. solanacearum biovar 2 strain 1609, the division 2-speci¢c primers D2 and B described by Boudazin et al. [26] were used (Table 1a) , yielding PCR products of 650 bp. PCR was performed in a Peltier thermal cycler (MJ Research, Biozym, Landgraaf, The Netherlands), using a hot start (5 min 95 ‡C), and subsequently 35 cycles of 20 s 94 ‡C/20 s 66 ‡C/30 s 72 ‡C, followed by ¢nal extension for 10 min at 72 ‡C.
PCR conditions for ampli¢cation of eubacterial and L-proteobacterial 16S rDNA were as described [36, 37] . The primer systems used are listed in Table 1b . PCR was performed in a thermal cycler 480 (Perkin-Elmer Cetus, Norwalk, CT, USA). The 50-Wl reaction mixtures contained: 1 Wl template DNA (ca. 20 ng), Sto¡el bu¡er, 0.2 mM dNTPs, 3.75 mM MgCl 2 , 4% (wt/vol) acetamide, 100 nM of the forward and reverse primer and 1 U per 25 Wl Taq DNA polymerase (Sto¡el fragment, Perkin-Elmer Cetus). Bovine serum albumin (BSA ; 1.25 Wg per 25 Wl) was added when nested PCRs were performed. To enhance the resolving power of the method, an initial PCR of the almost complete 16S rDNA (positions 8^1494) using primers F27 and R1492 was followed by a nested PCR with primers F984-GC (containing a GC clamp) and R1378, giving a product of roughly 433 bp, between postions 968 and 1401. A nested PCR approach was also used to obtain GC-clamped products speci¢c for the L-proteobacteria. The L-proteobacterial-speci¢c forward primer F948 (Table 1b) was used in combination with the eubacteriaspeci¢c reverse primer R1492 in an initial PCR (20 cycles). Diluted products (1:10) were used as templates for the second PCR (30 cycles) with the eubacteria-speci¢c primers F984-GC and R1378.
DGGE community ¢ngerprinting and analysis
DGGE community ¢ngerprinting was performed as described [31, 36] using gradients of 40^58% of denaturants. PCR products (2^6 Wl) were applied to the gels, which were run for 4 h in 0.5UTAE bu¡er (60 ‡C, 180 V). After silver staining [36] , gels were air-dried and scanned transmissively (pdi 420oe Scanner, MWG Biotech, Germany).
GelCompar 4.0 (Applied Math, Ghent, Belgium) was used to analyse the ¢ngerprints in each gel as described [38] , using modi¢ed normalisation settings: track resolution 2000 pt, curve smoothing 9 pt, background subtraction by the rolling disk method (intensity 10). The Pearson correlation coe⁄cient (r) for each pair of lanes within a gel was calculated as a measure of similarity between the ¢n-gerprints, and clustering of the patterns was achieved using the unweighted pair group method using arithmetic averages (UPGMA) coe⁄cient. For comparison of the DGGE pro¢les between treated and control soils, the similarity levels between the replicates of a treatment and between the di¡erently treated soils were compared after 54 days. If the median r values of two pro¢les di¡ered more than expected from natural variation (as estimated by quartiles), then a relevant e¡ect was assumed. Between-replicate and between-treatment variations of all pro¢les were checked by principle component analysis (PCA) using the PCA tool of GelCompar 4.0. In addition, median similarity values from the UP-GMA clustering calculations of replicates were compared to those between di¡erent treatments.
Cloning and sequencing of DGGE bands and of L-proteobacterial 16S rDNA fragments
Bands were excised from DGGE gels which contained N,NP-bis-acrylylcystamine instead of N,NP-methylenebisacrylamide [28, 29] . Gel staining was performed with SYBR Green I (FMC, Vallensbaek Strand, Denmark) and band excision was done as described [28] , using incubation with 100 Wl 2-mercaptoethanol for 70 min at 37 ‡C to dissolve the gel. Five Wl of the resulting solution was used to reamplify the 16S rDNA fragment [31] using the appropriate primers. To promote the formation of 3P-A-overhangs for improved cloning e⁄ciency, 2 mM dATP and 2 U AmpliTaq DNA polymerase (Sto¡el fragment, Perkin Elmer) were added [39] and the mix was incubated for 2 h at 72 ‡C. After con¢rming the identity of the excised band by DGGE, the PCR product was ligated into pGEM-T (Promega, Madison, WI, USA) and introduced into Escherichia coli JM 109 (Promega) via transformation. Plasmids with the expected insert, as determined by DGGE, were selected. In addition, amplicons obtained after L-proteobacterial-speci¢c PCR from community DNA of control soil (days 0 and 54) were cloned similarly, yielding a total of 88 clones. The electrophoretic mobility of GCclamped PCR products ampli¢ed from the clones was checked by DGGE in comparison to the corresponding L-proteobacterial community patterns of the DNA from which the clone library had been generated. Thus, clones with inserts of identical electrophoretic mobility and those comigrating with dominant bands of the soil-derived patterns could be identi¢ed.
Sequencing was done with standard primers SP6 and T/7 (IIT GmbH, Bielefeld, Germany). Data analysis was done using the ARB software [40] . 
Statistics
All survival experiments were performed in triplicate experimental units, and results of the analyses are reported as averages over the triplicates. The signi¢cance of the e¡ects of the experimental factors compost addition, solarisation and the combination thereof versus untreated, on the survival of R. solanacearum was tested by analysis of variance (ANOVA) using Genstat-5, release 4.1 (Rothamsted Experimental Station, Harpenden, UK). The effects on plant invasion were also assessed by ANOVA using data from two microcosm and one ¢eld experiments, with six replicate plants per treatment per experiment (factors treatment and experiment). An (averaged) theoretical disease index was calculated on the basis of the scores, see Section 2.6. E¡ects were considered to be signi¢cant at P 6 0.05.
Results
Fate of R. solanacearum strain 1609 in soils
The survival of R. solanacearum strain 1609 was followed by IFC, which allows the speci¢c detection of cells of this strain able to form colonies within the agar [7, 25] . The soil and the compost used in the experiments were found to be free of R. solanacerarum or potentially cross-reacting background bacteria (data not shown). Fig. 1A and B shows the counts of colonies reacting with the FITC-labelled polyclonal antibody obtained for microcosm (Fig. 1A) and ¢eld (Fig. 1B) soil samples taken at various times after starting the experiment. Both in microcosms and the ¢eld, strain 1609 declined slowly following release, whereas the treatments a¡ected this survival to di¡erent extents.
The microcosm experiment was performed twice, with highly concurrent results; the survival data obtained in one experiment are reported here (Fig. 1A) . The behaviour of R. solanacearum strain 1609 in the control and solarised (s) soils could be characterized by a slow progressive decline from initially log 7.27 to log 5.2 CFU per g of dry soil after 54 days. In contrast, strong declines of R. solanacearum IFC counts, from log 7.27 to log 3.37 or log 2.15 CFU per g of dry soil, were observed in the soils treated with compost alone (c) or with compost in combination with solarisation (cs), respectively. These declines were signi¢cantly stronger than those in the control (untreated) or solarised microcosms.
In the ¢eld experiment, the behaviour of strain 1609 in untreated soil was very akin to that in microcosms, i.e. a progressive decline was noted, from initially log 6.49 to log 3.78 CFU per g dry soil after 62 days. All treatments showed a trend towards a reduction of survival, albeit not signi¢cantly for most (Fig. 1B) . The strongest survival-depressing e¡ect was noted for the compost (c) treatment, in which the density of strain 1609 declined from log 6.67 initially to log 3.0 CFU per g dry soil after 62 days. This e¡ect was signi¢cant only after 30 and 62 days. Surprisingly, the combined solarisation plus compost treatment did not induce such a strong e¡ect.
PCR performed on directly-extracted soil DNA with the R. solanacearum division 2-speci¢c primers yielded 650-bp amplicons from all treatments throughout the time course up to the end of the experiments which reacted with a strain 1609-speci¢c probe (data not shown), whereas uninoculated soil as well as the compost used did not yield any such product. This suggested that direct PCR detection of R. solanacearum strain 1609 accompanied detection via IFC down to the lowest detectable CFU numbers, which is close to the theoretical limit of detection.
Suppressiveness of treated soils towards R. solanacearum strain 1609
At the end of the experimental period, soil from all treatments of the two microcosm experiments and of the ¢eld microplots, as well as control (uninoculated) soil, was used to assess the suppressiveness towards R. solanacearum strain 1609. All these soils were freshly inoculated with strain 1609, at about log 8 CFU per g soil and placed in pots before planting of tomato plantlets. Development of wilting disease as well as stem invasion by the pathogen were then recorded. Uninoculated fresh soil was used as the negative control for plant infestation. First, all plants grown in inoculated fresh (unincubated) soil wilted, whereas those grown in uninoculated fresh soil did not show any wilting symptoms. This indicated the robustness of the bio-assay used.
Overall, the results (Table 2 , disease indices given) showed that most of the plants that had grown in the untreated soil, as well as those grown in soil treated by solarisation only, developed wilting symptoms after 14 days and/or revealed the presence of R. solanacearum cells in their stems, as evidenced via IFC and PCR. In contrast, both in microcosms and the ¢eld, the addition of compost had induced a signi¢cantly-enhanced diseasesuppressive condition in the soil, as the majority of the test plants grown in c-or cs-treated soils remained healthy (see Table 2 ). However, in spite of the fact that the cs treatment in the overall analysis showed a signi¢cant enhancement of disease suppression, this was in fact strongly determined by the microcosm data, as insigni¢cant suppression was found in the ¢eld experiment.
Interestingly, several of the healthy-looking plants grown in both soils also showed the presence of R. solanacearum in their lower stem parts. These cells may have been in a condition often referred to as a state of latency.
PCR-DGGE pro¢ling of bacterial populations in di¡erentially treated soils (microcosms)
To analyse the e¡ect of the treatments on the bacterial communities of soils infested with R. solanacearum 1609, high molecular mass DNA was extracted from samples at di¡erent time points. Eubacterial as well as L-proteobacterial-speci¢c PCR was then applied to analyse the bacterial communities at two di¡erent levels of resolution. Overall, the results revealed great similarity between the DGGE patterns obtained from all replicates per treatment and time point (Fig. 2) for most samples. Homogeneity within replicates was largely con¢rmed by PCA (not shown). In addition, median similarity values of replicates calculated by UPGMA consistently exceeded those between treatments. Hence, sampling, DNA extraction, PCR ampli¢cation and DGGE apparently caused only minor variation in the data.
Eubacterial community analysis
To follow shifts in the dominant bacterial populations, the PCR products obtained per treatment at the di¡erent time points were loaded on one gel. Overall, the banding patterns were highly complex, showing a multitude of bands of similar intensities (Fig. 2, cs-treated soil shown) . A few bands found in the patterns of the cs-treated soil were not detected, or were less intense, in the control soil (3) . Some of these migrated even further than the high G+C-containing marker strain, indicating their high G+C content. Bands comigrating with that of strain 1609 were not detected in the eubacterial patterns, indicating that this strain did not belong to the dominant organisms in the bacterial populations.
As the eubacterial DGGE patterns from samples throughout the experiment were, thus, visually quite similar (Fig. 2 ), they were analysed by GelCompar using the Pearson similarity coe⁄cient on densitometric values of each ¢ngerprint. Thus, comparing the patterns of the treated (54 days) with those of the untreated soils, it was found that the c-as well as cs-treated soils were di¡erent from the untreated ones (no overlap of interquartile ranges). In contrast, no relevant di¡erences were observed DGGE bands of clones comigrating with bands in the community patterns are indicated by characters in Fig. 4c . No character means that it was not possible to match the clone's band to a community's band. between the patterns of s-treated and untreated soils (overlap of interquartile ranges) (Fig. 3) . In addition, the similarity dendrogram obtained by UPGMA for the time course of each treatment re£ected the high similarity between treatments (not shown). The patterns of all c-treated soils clustered separately from those of soils not amended with compost, con¢rming the above observations on the basis of Pearson correlation.
L-Proteobacterial community analysis
The speci¢city of the L-proteobacterial-speci¢c primer was con¢rmed by sequencing cloned 16S rDNA fragments ampli¢ed with the 948F/1492R primer pair from microbial community DNA extracted from soil at days 0 and 54 (Table 3) . Sequences with similarity to Janthinobacterium lividum (98.48%), Burkholderia caribiensis (94.5%), Zoogloea ramigera (97.38%), Dechlorimonas suilla (96.15%) and R. solanacearum (100%) constituted a considerable proportion of the clones (Table 3) . Moreover, the PCR products ampli¢ed from these clones were shown to comigrate with dominant bands of the L-proteobacterial community DGGE patterns (Fig. 4) .
The use of the L-proteobacterial-speci¢c primers, thus, allowed the monitoring of these less abundant organisms in DGGE patterns of reduced complexity. Overall, approximately 12 dominant bands and 10 faint bands were observed in the patterns (Fig. 4a^c) . In all treatments, bands comigrating with that of strain 1609 were detected at time zero. In s-treated soils, the relative abundance of most L-proteobacterial populations, including the presumptive strain 1609, remained roughly stable over time. In contrast, reduced relative abundances of bands putatively representing strain 1609 were found in most replicates of the c-and cs-treated soils from day 14 onwards. At day 54, only faint bands were visible in the c as well as cs soil patterns.
Compost amendment resulted in the appearance of several novel bands. Two dominant bands, denoted A and B, were excised and sequenced (Fig. 4c, d ). The sequence of band A showed highest similarity (98.56%) to a sequence of Aquaspirillum psychrophilum (AF078755), whereas that of band B had 99.05% similarity with a Variovorax paradoxus sequence (D30793).
All patterns shown in Fig. 4 were analysed by UPGMA (data not shown). The patterns of the untreated soils at days 0 and 54 formed a cluster separate from that of all treated soils. Moreover, the patterns of the s-treated soils were highly similar. The patterns of the c-treated soils formed a separate cluster, which was, surprisingly, most similar to those in the untreated soil cluster. Finally, an analysis of the patterns of treated and untreated soils after 54 days soils by using the Pearson coe⁄cient of similarity showed that only the patterns of the cs-treated soils were di¡erent from those of the untreated soils (no overlap of interquartile ranges). In contrast, no relevant di¡erences were observed between the patterns of c-or s-treated soils and those of the untreated soils (overlap of interquartile ranges) (Fig. 5) .
Discussion
The main ¢nding from this study, obtained both in microcosms and the ¢eld, was the strong e¡ect exerted on R. solanacearum strain 1609 by compost. In contrast, the combination of compost amendment and simulated solarisation was e¡ective, but only signi¢cantly in the microcosm. First, the survival of strain 1609 was strongly reduced by the presence of compost. Secondly, the treatments diminished, albeit di¡erentially, the rate of infection by R. solanacearum strain 1609 of tomato plants growing in the soils after 54^62 days. Both e¡ects indicated an enhancement of the level of soil suppressiveness towards the pathogen. These results, thus, support the notion that organic matter additions to soil can enhance antagonism towards R. solanacearum. Although not rigorously shown in this study, on the basis of literature data we hypothesised that the e¡ect is biotic and related to a shift in soil microbial community structure towards a community with enhanced antagonism against R. solanacearum. Bene¢cial e¡ects of compost amendment as well as of solarisation on soil-borne pathogens are not new, as other studies have also reported such e¡ects [13^15, 17, 19, 20] . In fact, Hoitink and Boehm [14] postulated that manipulation of natural communities of antagonistic microorganisms in soil through organic amendments pro- (Table 3) indicated by signed arrows. c : DGGE patterns of L-proteobacterial populations in compost-treated and solarised (cs) soil. Lanes 1 and 22, bacterial standard. Lanes 3^5, untreated (3) soil, day 0; lanes 6^8, cs soil, day 0; lanes 9^11, cs soil, day 14; lanes 12^14, cs soil, day 33; lanes 15^17, cs soil, day 54; lanes 18^20, 3 soil, day 54. Lanes 2 and 21, void. Positions of bands comigrating with R. solanacearum (Rs) and of excised bands A and B (Table 3) indicated by signed arrows. Lane 21, position of clones derived either by direct cloning or DGGE band excision indicated by small characters according to Table 3. vides a potentially e¡ective form of biological control of soil-borne plant pathogens. Organic amendments often contain biologically-active molecules such as vitamins, growth regulators, toxins and low molecular mass humic substances which can a¡ect the soil microbiota [41, 42] . In addition, organisms from compost can, via the amendment, ¢nd their gateway to soil, and colonise the available niches in this habitat. On the other hand, a range of factors related to the organic matter quality, the recipient soil, and the timing of amendment can a¡ect the ¢nal outcome of the manipulation. For instance, Tuitert et al. [20] reported that compost addition to soil resulted in either an enhanced or a decreased suppressiveness towards R. solani, and that the e¡ect depended on the degree of maturation of the compost. Compost is known to be variable in quality (as re£ected in e.g. the organic matter content, the inorganic nitrogen content, the C:N ratio and the pH), homogeneity, and degree of maturation. It is likely that these factors strongly a¡ect the ¢nal e¡ect of compost, as they are key regulators of microbial life in soil [22, 23, 43] . Katan [17] and Stapleton [19] described the e¡ects of solarisation against a range of plant pathogens, in particular fungi and nematodes. The e¡ects were seen to be multifactorial, and both the commonly-seen temperature increase and the presence of enhanced concentrations of volatile toxic compounds have been held to be the key primary mechanisms involved [17] . The e¡ects on R. solanacearum found in our study were clearly dependent on the presence of compost, as virtually no e¡ects were seen without compost amendment. In addition, there was a clear discrepancy between the strong e¡ects found in microcosm studies and the faint ones found in the ¢eld. We surmised that, most likely, the e¡ects were due to an enhancement of the same biotic factor that was promoted by the compost addition, via either one or both of the mechanisms indicated by Katan [17] . Clearly, we found that temperature increase played a role in the microcosms, whereas this was uncontrolled in the ¢eld. In contrast, Gamliel et al. [44] reported that solarisation combined with organic amendments reduced plant pathogen pressure under ¢eld conditions, changing the soil micro£ora and even suppressing the re-establishment of plant pathogens.
As the aforementioned suppressive e¡ects are presumably due to biotic factors in soil, it becomes crucial to pinpoint the mechanisms behind the e¡ects. Di¡erent mechanisms, either linked to the overall size/activity or to speci¢c components of the soil microbiota, have been invoked as putative causes of pathogen suppression [21, 45, 46] . In the current study, the e¡ect was presumed to be due to shifts in the soil microbial community structure and activity brought about by the treatments; in the microbial communities a¡ected, antagonistic or competitive organisms might have been increased in abundance or in activity, leading to enhanced pathogen suppression.
The reduced survival of strain 1609 in the c-and cstreated soils in the microcosm, as evidenced by IFC counts (Fig. 1A) , indeed indicated a declining R. solanacearum cell population at the level of culturable forms. Detection via PCR indicated that signals could be obtained from all treatments throughout the time course of the experiment, even from the cs-treated soils, in which the CFU levels were estimated to be log 2.45 per g soil (Fig. 1A) . These signals may have derived from DNA from the few culturable cells, from viable but non-culturable (VBNC) or nonviable cells or even from extracellular DNA [7, 47, 48] .
Since the soil suppressiveness tests performed at the end of the treatments indicated that microbial populations able to a¡ect R. solanacearum had possibly been stimulated by compost addition, we decided to molecularly assess the changes in microbial community structures. Clearly, community shifts resulting from the treatments were observed for the c-and cs-treated soils, which often formed separate groups. Unfortunately, sound conclusions about bands that might link to the enhanced suppressiveness were not obtained. The L-proteobacterial-speci¢c PCR system was applied to achieve reduced complexicity of the patterns. This approach also facilitated monitoring of the relative abundance of R. solanacearum. Overall, the results largely supported the data obtained for culturable R. solanacearum by IFC, as discussed in the foregoing. Analysis of the L-proteobacterial patterns of the compost-amended soils further indicated the prevalence of V. paradoxus and A. psychrophylum related organisms. The former organism is known to be metabolically versatile and to abound in disturbed ecosystems. Whether or not these speci¢c populations contributed to the drastically decreased relative abundance of R. solanacearum visible as from day 14 remains elusive. On the other hand, these bands might serve as indicators of these treatments, and, thus, report on the R. solanacearum-suppressive status of soil. However, additional work, including the isolation of putative indicators of suppressiveness, is needed to underpin the role of these organisms. Hence, cultivation-based methods are obviously still needed to complement evidence purely obtained on the basis of direct molecular analyses.
